Vehicle emission is a major source of urban air pollution. In recent decade, the 20 Chinese government has introduced a range of policies to reduce the vehicle emission. 21
for 15.2% of the PM 2.5 emission. Fe was the most abundant metal element, with an 32 emission factor of 3.91 mg vehicle -1 km -1 . Emission factors of organic compounds 33 including n-alkanes, PAHs, hopanes, and steranes were 91.9, 5.02, 32.0 and 7.59 μg 34 vehicle -1 km -1 , respectively. Stable carbon isotopic composition δ 13 C value was 35 measured and it was -25.0‰ on average. An isotopic fractionation of 3.2‰ was found 36 during fuel combustion. Compared with a previous study in Zhujiang Tunnel in year 37 2004, emission factors of PM 2.5 mass, EC, OC, WSII except Cl -, and organic 38 compounds decreased by 16.0-93.4%, which could be attributed to emission control 39 policy from 2004 to 2013. However, emission factors of most of the metal elements 40 increased significantly, which could be partially attributed to the changes in motor oil 41 additives and vehicle conditions. There are no mandatory national standards to limit 42 metal content from vehicle emission, which should be a concern of the government. A 43 snapshot of the 2013 characteristic emission of PM 2.5 and its constituents from 44 on-road vehicular fleet in the PRD region retrieved from our study was found to be 45 useful for the assessment of past and future implementation of vehicle emission 46 control policy. 47
Introduction 51
Vehicle emission is a major source of urban air pollution and it accounts for 52 approximately 14~ 50% of total fine particle mass in urban areas (Sheesley et al., 53 2007; Wang et al., 2008; Yu et al., 2013) . The environmental and health effects of 54 vehicle emission have been our concern during the last decades. Numerous studies 55 have been conducted to characterize vehicular particulate matter (PM) emission in 56 many countries, with respect to emission factors, chemical composition, and size 57 distribution (Chiang and Huang, 2009 The Pearl River Delta (PRD) region is located in the southern coast of China, 64 noted for its rapid urbanization and industrialization in the last few decades, has 65 experienced serious atmospheric pollution. Guangdong Province" in 2008 and released the "PRD Regional Air Quality 75 Management Plan" and "A Clean Air Plan" in 2010, to improve the relevant air 76 quality through policies and measures. The emission standards for newly registered 77 vehicles were tightened to China IV and the better quality of gasoline and diesel were 78 supplied in 2013. Therefore, the characteristics of PM emission from vehicles in the 79 PRD region might have changed throughout these years. 80
Tunnel experiments and chassis dynamometer tests were widely used to measure 81 various pollutants emitted from vehicles (He et al., 2006; Heeb et al., 2003) . However, 82 dynamometer test has the defect that it can not account for vehicle fleet composition 83 and emissions characteristics related to break and tire wear and re-suspension of road 84 dust (Thorpe and Harrison, 2008) . Tunnel studies have been demonstrated to be a 85 suitable setup to measure PM emissions from on-road mixed fleets (Chiang and 86 33.4 km h -1 during the sampling. The air samples were drawn at about 1.13 m 3 min −1 114 through the quartz fiber filters (QFFs, 20.3 cm×25.4 cm, Whatman). Other special 115 devices such as diffusion denuders and foam plugs were not used due to the 116 difficulties in applying these devices. Consequently, volatilization losses or 117 adsorption artifacts may occur on the filter for semi-volatile organic compounds 118 especially for the low molecular weight compounds because these compounds exhibit 119 high volatility (Kavouras et al., 1999) . However, the calculation of emission factors 120 were based on the concentration differences between the exit and entrance of the 121 tunnel, the potential losses or adsorption artifacts of semi-volatile organic compounds 122 would be partly deducted. Field blank samples were also collected by loading filters 123 into the samplers but without pulling air through. The ventilation system of the tunnel 124 was turned off during the sampling period, thus the dispersion of air pollutants in the 125 tunnel was mainly brought from the piston effect arising from the traffic flow. The 126 sampled filters were wrapped with annealed aluminum foil and stored in a refrigerator 127 at −40 °C till analysis. The meteorological parameters were synchronously recorded. 128 A video camera was placed at the exit to record the passing vehicles during the 129 sampling periods. The videotapes were then used to determine the vehicle counts and 130 to classify the vehicles into three categories, namely, diesel vehicles (DV) 131 (heavy-duty trucks, light-duty trucks and large passenger cars), gasoline vehicles (GV) 132 (small cars and motorcycles), and liquefied petroleum gas vehicles (LPGV) (bus and 133 taxies). The average traffic density during sampling was 1797 per hour with DV, GV 134 and LPGV proportion of 13.7 ± 2.7%, 59.8 ± 8.8% and 26.5 ± 7.9% respectively. 135
More details of the vehicle counts and meteorological conditions are summarized in 136 
Calculation of emission factor 146
Average emission factor (EF) was calculated for each sampling period on the 147 basis of the concentration difference between the exit and entrance of the tunnel by 148 the following equation (Handler et al., 2008) : 149
where EF is the emission factor of a species in unit of mg vehicle -1 km -1 , N is the 150 number of vehicles passing through the tunnel, L is the distance between inlet and 151 outlet sampling locations, C out and C in are the measured species concentration at the 152 tunnel outlet and inlet, respectively, and V is the corresponding air volume calculated 153 from the cross-sectional area of the tunnel, the average wind speed, and the sampling 154 which are closer to that from DV exhaust, indicate that diesel vehicles played an 171 important role in the PM 2.5 emission although the proportion of DV was only 13.7% 172 during the sampling. Additionally, it should be noted that emissions of EC from heavy 173 duty trucks are expected to be relatively low under the low speed operating conditions 174 in the tunnel (Kweon et al., 2002) . Therefore, the ratio could be lower at the actual driving condition of vehicle fleet with a higher speed on the road. The concentration of WSOC in the inlet location was 6.21 μg m -3 (Table S2 of contributed 15.2% to the PM 2.5 emission. Fe was the most abundant element, with an 193 emission factor of 3.91 mg vehicle -1 km -1 , followed by Na 3.53 mg vehicle -1 km -1 , Al 194 3.15 mg vehicle -1 km -1 , Ca 1.93 mg vehicle -1 km -1 , Mg 0.496 mg vehicle -1 km -1 , and K 195 0.338 mg vehicle -1 km -1 , which accounted for 4.2%, 3.8%, 3.4%, 2.1%, 0.5%, and 0.4% of PM 2.5 mass emission respectively. These six elements contributed 95.0% to the 197 total metal emission. Emission factors of other metals ranged from 0.0001 (Ag) to 198 0.25 (Ba) mg vehicle -1 km -1 , with a sum of 0.71 mg vehicle -1 km -1 . It is worth noting 199 that emission factors of elements including Na, K, Mg and Ca were significantly 200 higher than that of their corresponding water-soluble parts (see Table S3 of the 201 Supplement). The differences can be attributed to the water-insoluble matter with 202 these metal elements, such as calcium and magnesium carbonates and Na-K-Mg 203 bearing aluminosilicate species (Pio et al., 2013) . Table S3 of 208 the Supplement. A typical road dust Al composition is 9% on average (Tiittanen et al., 209 1999) . Sea salt of 9 mg vehicle -1 km -1 was estimated by Na assuming sea salt contains 210 32% of Na. Thus, the average PM2.5 reconstructed mass was 91.8% of the 211 gravimetric value. This discrepancy can be attributed to the uncertainties in the 212 weighing process, the estimation methods and uncalculated components. 213 214
Organic compounds 215
The average emission factors and abbreviated names of 67 individual organic 216 compounds identified in the Zhujiang Tunnel, including n-alkanes, polycyclic aromatic hydrocarbons (PAHs), hopanes, and steranes are listed in Table S4 of the  218 Supplement. These organic compounds accounted for 0.59% of the OM and 0.11% of 219 the PM 2.5 mass emissions, The distributions of organic molecular markers associated 220 with PM 2.5 are known to be source indicative despite of their small mass fractions 221 (Schauer et al., 1996; Simoneit, 1986) . n-Alkanes are an important class of organic 222 compounds in atmospheric aerosols, and their homologue distribution may indicate 223 different pollution sources (Rogge et al., 1993a) . In this study, the n-alkane traces 224 were dominated by C11-C36 with no odd-even carbon number predominance and the 225 maximum was at C24, consistent with the characteristics of vehicle emissions 226 reported by Simoneit (Simoneit, 1984 (Simoneit, , 1985 . The emission factors of of individual 227 n-alkanes were in the range of 0.22 (C13)~ 13.3 (C24) μg vehicle -1 km -1 (Table S4 of 228 the Supplement). 229
There has been a worldwide concern to PAHs due to their known carcinogenic 230 and mutagenic properties. PAHs are thought to be the result of incomplete combustion. 231
Totally 15 priority PAHs (the results of naphthalene have not been discussed in this 232 study due to its low recovery) were identified and quantified. The emission factor of 233 total PAHs varied from 4.56 to 5.54 μg vehicle -1 km -1 in this study. The emission 234 factor of benzo[a]pyrene (BaP), which is often used as an indicator of PAHs and 235 regarded by World Health Organization as a good index for whole PAHs 236 carcinogenicity, was in the range of 0.37 to 0.46 μg vehicle -1 km -1 . The emission 237 factors for other compounds ranged from 0.006 (acenaphthene) to 0.89 (pyrene) μg 238 vehicle -1 km -1 (Table S4 of is comparable to previously reported ranges of -29 to -24.6‰ (Table 1) In this study, the value of Δ 13 C PM2.5-Fule was from 2.7 to 3.5 ‰, with an average 280 of 3.2 ‰, indicating an isotopic fractionation occurred during fuel combustion. 281
Comparing the stable isotopic carbon value of vehicular fuel emission with other 282 particulate emission sources (see Table 1 ), it is found that different emission sources 283 showed different stable carbon isotopic composition. For total carbon in PM2.5 284 sample, δ 13 C (‰) of coal and fuel oil combustion are -23.9‰ and -26.0‰ 285 respectively, while that of vehicle emission is -25.9~-25.0‰. Obviously, the δ 13 C (‰) 286 of vehicle emission is not significantly different from that of coal and fuel oil 287 combustion. However, they are obviously different from other sources, like dust 288 particle (-21~-18.4‰), C3 plant (-19.3~-13‰), and C4 plant (-34.7~-27‰). Therefore, 289 δ 13 C might be used to distinguish the fossil fuel combustion from the other sources. 290 291
Comparison with previous study conducted in the same tunnel 292
To investigate the variation of chemical emission characteristics from vehicles in 293 the PRD region over the past decade, we compared the chemical emission 294 characteristics of this study with that of previous study (He et (Table 2) leading to the less production of ammonium 318 nitrate. Emission factor of chloride is quite higher than that obtained from Zhujiang 319 Tunnel in 2004 and other tunnels. Chloride was found up to 74 mg vehicle -1 km -1 in 320 PM 10 in the Howell Tunnel, due to the application of salt to melt ice on roadways in 321 the winter (Lough et al., 2005) . However, it is not applicable in Guangzhou City. The 322 good correlation between Cland Na + (r 2 =0.992) indicates the re-suspension of sea 323 salt particles combined with vehicle emission PM might be a major source (He et al., 324 2008) . As, Co, U, and Tl increased by 0.5 to 4.5 times. Although the sum of these elements did not exceed 0.5% of PM 2.5 mass, they are important for health effects. Lower 343 emission factor of Pb (0.01±0.0007 mg vehicle -1 km -1 ) in 2013 than in 2004, could be 344 a result of the phase out of leaded gasoline across China in the late 1990s. 345 Figure 4 shows comparison of organic compounds emission in Zhujiang Tunnel 346 between 2004 and 2013. The n-alkane homologues exhibited a smooth hump-like 347 distribution with the most abundance at C24, as shown in Fig. 4a . Such a distribution 348 pattern was similar to patterns observed in Zhujiang Tunnel 2004. However, there are 349 some differences. Firstly, the highest abundant n-alkane shifted from C23 in 2004 to 350 C24 in 2013. This difference might be explained by the shift of gas-particle 351 partitioning as alkanes of < C26 are semi-volatile. However, a significant T-test (p = 352 0.14) showed that the temperatures were not significant different between this study 353 (33.0 ± 2.3℃) and that in 2004 (31.8 ± 1.0 ℃). Thus the differences due to different 354 C max between this study and the study in 2004 can not be regarded as a result of 355 temperature differences. Furthermore, C max was found to be C24 in every test of this 356 study, although the temperature ranged from 28.6 to 36.1 ℃. It was reported that the 357 n-alkane in the highest abundance was C20 for DV and C25 or C26 for GV in 358 percentage of decrease ranged from 56.2% to 68.7%. However, the distributions of 371 hopane series derived from different tunnel studies were very similar (see Fig. S2 of 372 the Supplement). This seems to suggest that the hopane emission characteristics might 373 be independent of the fleet composition. This is a reasonable result given that hopanes 374 originate from the lubricating oil used in DV, GV and LPGV rather than from the fuel 375 (He et al., 2008; Phuleria et al., 2006) . Owing to more units in heavy-duty vehicle 376 need lubrication, emission factors of hopanes attributable to heavy-duty vehicle were 377 higher than that to light-duty vehicle (Phuleria et al., 2006) . Reduction of the 378 proportion of heavy-duty vehicle (bus, heavy-duty truck, large passenger cars) 379 proportion in fleet composition in 2013 (11.3%) compared that in 2004 (20%) might 380 be the reason that emission factors of hopanes decreased. 381 382
Implication for vehicle emission control policy 383
Vehicle emission control strategies and policies adopted by Guangdong Province 384 can be classified as emission control on vehicles and fuel quality improvements or 385 alternative fuel utilization. The PM emission standards for newly registered vehicles 386 were tightened from China II in 2004 to China IV in 2013 ( Table 2 ). The reduction of 387 on road high PM emitting vehicles, the phasing in of lower PM emitting vehicles, and 388 more environmental friendly vehicles on road with better advanced engines following 389 the implementation of these emission standards were effective for decreasing PM 390 emission. Emission factors of PM decreased by 16% from 2004 to 2013. Also for 391 NOx, the emission limit was reduced to about half from 2004 to 2013. This change in 392 emission standard which limit NOx emission was a major factor for emission factors 393 of nitrate and ammonium decreased by about 90%. On the other hand, National 394
Standard has been revised several times to improve fuel quality to adapt to stringent 395 vehicle emission standards (Table 3) The 401 application of clean fuel led to closer complete combustion, and resulted in much less 402 emission from taxis and buses. In general, our results suggest that these strategies are 403 effective to reduce emission factors of PM 2.5 mass, as well as OC, EC, WSII, and 404 organic compounds in PM 2.5 . However, the total vehicle population increased year by year. As shown in Fig. 5a , the total vehicle population increased by 49.1% from 2004 406 to 2013. Total emission of vehicle exhaust of PM 2.5 mass (calculated as emission 407 factors multiply by annual average driving distance per car and vehicle population 408 (Wu et al., 2012) ) increased by 25.2% from 2004 to 2013 (Fig. 5b) . Consequently, we 409 have demonstrated that more stringent emission standards and higher quality of fuel 410 or more utilization of clean fuels will be necessary to offset the impacts on the growth 411 in vehicle population and to improve air quality in the PRD region. Additionally, 412 owing to no mandatory national standards to limit metal content from vehicle 413 emission, the emission of most metal increased from 2004 to 2013 ( Fig. 3 and 5b) . In 414
China, heavy metals, including As, Cr, Cu, Ni and Tl, had been listed as key 415 substances that should be preferentially monitored in the atmospheric environment 416 (SEPA, 2003) . These increases of metal elements should raise the awareness of the 417 government due to their health concern. 418 419 
Conclusions

